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Abstract Germination of coffee (Coffea arabica L.) seed
is slow and uneven. Its germination is the net result of
events that occur simultaneously in the embryo and endo-
sperm and which are controlled by abscisic acid (ABA).
The aim of the study was to monitor the expression of
genes related to the cell cycle and to cell wall modifica-
tions, including an actin (ACT), a cyclin-dependent kinase
(CDK2a) and a-expansin (a-EXP) in the embryo, and a-
galactosidase (a-GAL), b-mannosidase (LeMSIDE2), endo-
b-mannanase (MANA) in the micropylar endosperm. The
first seed germinated after 5 days of imbibition and 50 %
germination was reached after 10 days. The embryo grew
inside the seed prior to radicle protrusion and ABA
inhibited both embryo growth and radicle protrusion. The
expression of the genes associated with the embryo growth
increased during germination and ABA partially inhibited
expression. The expression of b-mannosidase and endo-b-
mannanase increased during imbibition and ABA com-
pletely inhibited expression of these genes. However, a-
galactosidase displayed a more constitutive expression and
was less affected by ABA. ABA plays a dual role in the
regulation of coffee seed germination; it concomitantly
controls both endosperm weakening and embryo growth.
Keywords Abscisic acid  Cell cycle  Cell wall 
Embryo growth  Endosperm weakening
Introduction
Coffee belongs to the Rubiaceae family and C. arabica is the
species with the greatest economic importance, and is
responsible for 70 % of the volume of coffee traded in the
world. Coffee is considered one of the major commodities and
Brazil is the largest producer, accounting for 25 % of the world
production. The germination potential of the coffee seed is an
important aspect of the coffee production chain, both during
processing of the coffee berries and in producing seedlings for
new crop. Various molecular techniques, as well as the
sequenced coffee genome (Vieira et al. 2006) can be used to
investigate genes associated with germination in coffee seeds
that may function as markers to monitor seed quality.
The coffee embryo is surrounded by endosperm tissue
(Krug and Carvalho 1939; Mendes 1941). The endosperm
cells possess thick cell walls, which are largely composed
of mannan-rich polymers with 2 % of galactose (Wolfrom
et al. 1961; Bewley et al. 2012). Three enzymes have been
suggested to be involved in the hydrolysis of the cell wall
mannans: (1 ? 4)-b-mannan endohydrolase (EC 3.2.1.78;
referred to here as endo-b-mannanase), b-mannosidase (EC
3.2.1.25) and a-galactosidase (EC 3.2.1.22).
The micropylar endosperm cap of the coffee seed,
opposing the radicle tip, is weakened during germination
and endo-b-mannanase activity increases before the first
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seed of the batch shows radicle protrusion (da Silva et al.
2004). Tissue printing showed occurrence of endo-b-
mannanase activity, initially in the endosperm cap sur-
rounding the radicle tip, and only later, during germination,
in the rest of the endosperm (da Silva et al. 2004). Three
different isoforms of this enzyme were found in the
endosperm cap during germination and another isoform
was detected in the rest of the endosperm later during
germination. Marraccini et al. (2001) have demonstrated
that whole coffee seeds contain 8 different isoforms of
endo-b-mannanase, following germination. The same
authors isolated two different cDNA clones of endo-b-
mannanase from germinated coffee seeds (MANA and
MANB), which suggests that these different isoforms are at
least partly caused by post-transcriptional modifications.
The enzyme b-mannosidase cleaves the oligomeric man-
nose products resulting from endo-b-mannanase activity
(Bewley et al. 2012) and has been found and characterized
in seeds of several species (McCleary 1982; McCleary and
Matheson 1975). It is likely to be present during coffee
seed germination but to date this has not been confirmed.
In addition to the events that occur in the endosperm
during coffee seed germination, the coffee embryo grows
inside the seed prior to radicle protrusion, by cell expan-
sion and elongation. These events take place concomitantly
with DNA synthesis and accumulation of the protein b-
tubulin (da Silva et al. 2008) and an increase in embryo
pressure potential (da Silva et al. 2004).
Abscisic acid (ABA) inhibits radicle protrusion in coffee
seed by exerting its effect both in the embryo and the
endosperm (da Silva et al. 2004, 2008). In the embryo ABA
inhibits the accumulation of b-tubulin, as well as growth
and cell division of the embryo, the alignment of micro-
tubules and nuclear DNA replication, and the increase in
embryo pressure potential (da Silva et al. 2004, 2008). In
the micropylar endosperm, ABA inhibits the second step of
endosperm cap weakening and the occurrence of two iso-
forms of endo-b-mannanase.
Although, these results contribute to the understanding
of the mechanism and regulation of coffee seed germina-
tion, there is little known about the underlying transcrip-
tional changes in embryo and micropylar endosperm and
possible regulation by ABA.
Materials and methods
Seed material
Coffee fruits at the cherry stage (C. arabica L. cv. Catuaı´
Amarelo) were harvested in Machado-MG-Brazil, depul-
ped mechanically, wet fermented for 24 h, dried to 12 %
moisture content and stored at 10 C until use.
Germination conditions
The surrounding seed coat was removed by hand and four
repetitions of 25 seeds were surface sterilized in 1 %
sodium hypoclorite for 5 min and then rinsed in water. The
seeds were placed between paper towels in 90-mm Petri
dishes and imbibed in 10 ml demineralized water or
1,000 lM ABA (Sigma, St. Louis MO, USA). The seeds
were kept at 30 ± 1 C in the dark and germination was
scored daily as visible radicle protrusion of [1 mm (da
Silva et al. 2004; Huxley 1965; Valio 1976). ABA solution
was prepared with KOH followed by neutralization in 1 N
HCl (da Silva et al. 2004).
Embryo growth
Ten embryos from water- and ABA-imbibed seeds were
dissected from the seeds by cutting the endosperm with a
razor blade. The embryos were measured with the use of
digital calipers. After that the embryos were dissected in
hypocotyls and cotyledons and measured again.
RNA extraction and cDNA synthesis
Three biological replicates of 50 embryos and 50 micro-
pylar endosperms were dissected from seeds imbibed in
water or 1,000 lM ABA. Embryos and micropylar endo-
sperms were frozen in liquid nitrogen and ground to a
powder with the aid of mortar and pestle in the presence of
liquid nitrogen and stored at -80 C. Total RNA extraction
was performed using the commercial NucleoSpin RNA
Plant kit (Macherey–Nagel, Bethlehem PA, USA).
Approximately 100 mg of the ground powder was added to
350 ll of the extraction buffer and 3.5 ll of b-mercap-
toethanol and homogenized by vortexing. The extracted
RNA was quantified in a Nanodrop-2000 spectrophotom-
eter (Thermo Scientific, Wilmington DE, USA). RNA
integrity was confirmed in a 1 % agarose gel. cDNA syn-
thesis was performed with the commercial kit ProtoScript
(New England Biolabs, Ipswich MA, USA) using RNA
from micropylar endosperms and embryos from seeds
imbibed in water or in ABA for 1, 3, 6 and 9 days. For each
biological sample 1,000 ng of total RNA, 5 lM of d(T)23
primers plus 6 lM of random primers and nuclease free
water were used. The samples were incubated at 70 C for
5 min and dipped on ice. Following, 10 ll of AMV
Reaction Mix and 2 ll of AMV Enzyme Mix were
added. The samples were placed in a thermocycler at a
temperature of 25 C for 5 min, at 42 C for 1 h and at
80 C for 5 min for inactivation of the enzymes. The
cDNA was quantified in a Nanodrop-2000 spectropho-
tometer (Thermo Scientific, Wilmington DE, USA).
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Primer design
Gene-specific primers were designed from cDNA of ACTIN
(SGN-U618902), CYCLIN-DEPENDENT KINASE (SGN-
U607600) and ALPHA-EXPANSIN (GQ434002.1) that
were available from the Sol Genomics Network database
(http://solgenomics.net/about/about_solanaceae.pl). Sequen-
ces of cDNA of ALPHA-GALACTOSIDASE (L27992.1)
and ENDO-BETA-MANNANASE (AJ293305) were avail-
able from the NCBI database (http://www.ncbi.nlm.nih.gov/).
The amino acid sequence of BETA-MANNOSIDASE (da
Silva 2002), was used for design of its primers. The amino
acid sequence was converted into a nucleotide sequence by
using the tool of the European Bioinformatics Institute (http://
www.ebi.ac.uk/Tools/st/emboss_backtranseq/). Sequences
were then submitted to Primerquest (http://biotools.idtdna.
com/Scitools/Applications/Primerquest/), for final primer
design (Tables 1, 2).
Expression studies
Real-Time PCR was performed using an Eco Real-Time-
(Illumina) with gene specific primers, cDNA and Eva-
Green master mix. For each reaction we used 1 ll of
cDNA (100 ng), 0.4 ll of forward and reverse primers at a
concentration of 2.0 lM and 10 ll of Master Mix Eva-
Green for a final volume of 20.0 ll/sample. The ampli-
fication protocol consisted of 2 min at 50 C, 10 min at
95 C; then 40 cycles of 10 s at 95 C and 30 s at 61 C.
Melting curves were determined to assess specificity. The
universal 18S primer was used as internal control to nor-
malize the products. Real-time PCR was performed three
times using biological replicates. Values of fold chance in
gene expression were calculated in relation to 1 day of
imbibition, using 2-DDCt, and plotted.
Statistical analysis
Data was subjected to ANOVA and the averages were
compared using the Tukey test at 5 % probability level.
Results
Germination
The first seeds showed radicle protrusion at 5 days from the
start of imbibition and 50 % of the seed population showed
radicle protrusion after 10 days. Germination of the whole
population was completed at day 15 of imbibition (Fig. 1),
confirming previous observations that coffee seed exhibits
relatively slow and variable radicle protrusion. For seeds
imbibed in 1,000 lM ABA germination was completely
inhibited (Fig. 1). In a previous study we have shown that
only this relatively high concentration is effective, likely
because of low penetration or internal binding of ABA (da
Silva et al. 2004).
Embryo growth
The coffee embryo grew prior to radicle protrusion in
water-imbibing seeds. There was a significant increase in
length from day 1 to day 9 of imbibition in the whole
embryo, as well as in the hypocotyl and in the cotyledons
(P \ 0.05). When 50 % of the seeds showed radicle pro-
trusion, at day 10 of imbibition, the average length of the
embryos, hypocotyls, and cotyledons was 5.02, 3.20, and
Table 1 Genes (mRNAs) studied during coffee seed germination in
embryo and micropylar endosperm
Gene
symbol
Gene name Related to References
ACT Actin Cytoskeleton Gilliland et al. (2003)
CDK2a Cyclin-
dependent
kinase
Cell cycle Valedez-Gonza´lex
et al. (2007)
a-EXP a-Expansin Cell
expansion
Chen and Bradford
(2000)
a-GAL a-Galactosidase Cell wall
degradation
Zhu and Goldstein
(1994)
MANA Endo-b-
mannanse
Cell wall
degradation
Mo and Bewley
(2002)
MSIDE b-Mannosidase Cell wall
degradation
Marraccini et al.
(2001)
Table 2 Specific primers for
coffee embryo and micropylar
endosperm cap used in real time
PCR
Name Forward Reverse
ACT TTGGCTCCCAGCAGCATGAA TGCTGGAATGTGCTGAGGGA
CDK2a TTTGGATTGGCCCGTGCCTT AGCCAACTGACCACACGTCA
a-EXP TCGTGCAGGCATCGGTCAAA AAGAGCGACGGTCACTTGCT
a-GAL TCCATGGACGGTGCGACTTT AAGAGGTCCAGCCCAAACCT
MSIDE TTGGGCCGTGAAGTCGTGAA AAGGCAGCAACCACTCTTGG
MANA TCCTGGATACCAAGTGGGCA AACATCATCTGTGCACCGTCGC
18S TGACGGAGAATTAGGGTTCG CCTCCAATGATCCTCGTTA
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1.82 mm, respectively (Fig. 2). When coffee seeds were
imbibed in ABA there was no significant increase in length
of embryo, hypocotyl, or cotyledons (Fig. 2). The length of
the embryo remained around 4.01 mm during the whole
imbibition period. The length of the hypocotyl was
2.48 mm and of the cotyledons 1.53 mm. Comparing the
length of embryo, hypocotyl and cotyledons from water-
imbibed seeds with ABA-imbibed seeds there was a sig-
nificant difference in length in embryo and hypocotyl. No
significant difference was found for cotyledon length in
water- and ABA-imbibed seeds (Fig. 2).
Gene expression
The reference gene used for the normalization of the
expression values showed no significant difference in
threshold cycle (Ct) of the embryonic genes for water- and
ABA imbibed seeds. The Ct varied from 16.35 to 17.01 for
water-imbibed seeds and from 16.35 to 17.87 for ABA-
imbibed seeds (Fig. 3a, b).
The expression of embryonic ACT showed a significant
increase during germination in water. For ABA-imbibed
seeds there was also a significant increase but it was less
pronounced. Comparing water- and ABA-imbibed seeds
the expression of ACT in water was always significantly
superior to that in ABA (Fig. 4a).
CDK2a expression increased during imbibition in water
but this was only significant after 9 days of imbibition. For
ABA-imbibed seeds a significant decrease in the expres-
sion of CDK2a was observed between 3 and 6 days and
leveling off thereafter. Comparing water- and ABA-
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imbibed seeds CDK2a expression was always lower in the
ABA-treated embryos (Fig. 4b).
The abundance of a-EXP transcripts increased prior to
radicle protrusion in water-imbibed seeds. However, only
after 9 days of imbibition this increase was significant. For
ABA-imbibed seeds the transcripts kept at a constant level
during imbibition and no significant differences could be
detected. Comparing the transcript abundance between
water- and ABA imbibed seeds there was a significant
difference between these treatments, where water imbibed
seeds always showed higher levels of a-EXP expression
(Fig. 4c).
The expression of a-GAL in the micropylar endosperm
from water-imbibed seeds did not change until 6 days of
imbibition after which a slight increase was observed at
day 9. For ABA-imbibed seeds no significant change in a-
GAL transcript abundance could be observed during
imbibition. However, comparing water and ABA-imbibed
seeds there was a significant difference in transcript level at
day 6 and 9 of imbibition (Fig. 5a).
Transcript abundance of MSIDE increased approxi-
mately eightfold between 3 and 9 days of imbibition in
water. However, in ABA-imbibed seeds the expression of
MSIDE was inhibited. Comparing water- and ABA imbi-
bed seeds there was a significant difference during imbi-
bition but a profound increase was only observed after 6
and 9 days of imbibition in water (Fig. 5b).
The MANA transcript abundance in the micropylar
endosperm displayed a steep and significant increase
between 3 and 9 days of imbibition whereas ABA almost
completely inhibited accumulation of MANA transcripts
(Fig. 5c).
Discussion
The coffee embryo grew inside the seed prior to radicle
protrusion, which confirms our previous observations (da
Silva et al. 2004). These events take place concomitantly
with DNA synthesis and accumulation of b-tubulin (da
Silva et al. 2008) and an increase in embryo pressure
potential (da Silva et al. 2004). Here we showed that gene
expression of a-expansin, a cell-wall associated protein,
increased during imbibition and prior to radicle protrusion.
Expansins may contribute to the disruption of hydrogen
bonds between cell wall components (Bewley et al. 2012),
allowing cell expansion and growth during coffee seed
germination.
Actin is part of the cell cytoskeleton (Gilliland et al.
2003). Arrays of actin filaments are associated with plant
cell growth, and the activity of actin-binding proteins is
essential for cell morphogenesis (Hussey et al. 2006).
Another protein, b-tubulin, is also part of the microtubular
machinery and it was previously shown to increase in the
coffee embryo during cell elongation prior to and after
germination, changing its random orientation to a more
transverse orientation (da Silva et al. 2008). Thus, the
occurrence and increase of actin transcript abundance and
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accumulation of the b-tubulin protein point at their
importance in coffee embryo growth by contributing to cell
expansion.
Most of the known cyclin–CDK complexes regulate
progression through the cell cycle (Godı´nez-Palma et al.
2013). However, in the coffee embryo cell division is an
event that only takes place after radicle protrusion (da Silva
et al. 2008). Thus, it seems that the here observed increase
of CDK2a expression during imbibition must be considered
as a preparation for cell division after radicle protrusion.
Coffee endosperm cell walls are composed mainly of
mannans with 2 % of galactose present in the side chain
(Bewley et al. 2012; Wolfrom et al. 1961). The cells in the
coffee endosperm cap have thinner cell walls than the cells
of the rest of the endosperm (da Silva et al. 2004), which
indicates that the region in the endosperm where the radicle
will protrude is predestined. However, it does not exclude
the requirement of endosperm cap weakening to facilitate
radicle protrusion. Expression of MANA, a gene encoding
an endo enzyme involved in the degradation of the mannan
backbone (Bewley 1997), increased mainly in the micro-
pylar endosperm before completion of germination of the
first seed. In addition, quantification and tissue printing has
shown that endo-b-mannanase activity appeared first in the
micropylar endosperm and only later in the rest of the
endosperm (da Silva et al. 2004). MSIDE, the gene
encoding b-mannosidase, an enzyme that hydrolyses the
oligomeric mannose products resulting from endo-b-man-
nanase activity, displayed increased expression in the
micropylar endosperm prior to radicle protrusion, follow-
ing the same trend as MANA (Fig. 3).
Thus, increased expression of the encoding genes, as
well as activities of endo-b-mannanase and b-mannosidase
in the micropylar endosperm, prior to radicle protrusion,
appear to be involved in the germination process i.e.
weakening of the endosperm cap. Evidently, endo-b-man-
nanase is the first enzyme in the hydrolysis of the mannan
backbone and is likely to be the main enzyme involved in
endosperm cap weakening in coffee whereas b-mannosi-
dase hydrolyzes the oligomeric mannose products resulting
from endo-b-mannanase activity (Bewley et al. 2012).
Thus, since germination in coffee seed is the net result
of endosperm weakening and embryo growth (da Silva
et al. 2004), we may conclude that endo-b-mannanase and
b-mannosidase genes play an important role during coffee
seed germination by mediating weakening of the endo-
sperm cap. The weakening of the micropylar endosperm
makes it less resistant to the embryonic radicle puncturing
through the endosperm cap cell walls.
The coffee embryo displayed a transient increase in
endogenous ABA during germination and imbibition of the
seeds in fluridone, an inhibitor of carotenoid biosynthesis,
promoted the advancement of seed germination by 1 day
(da Silva et al. 2004). Here we show that exogenous ABA
leads to inhibition of embryo growth and radicle protru-
sion. Concomitantly, ABA significantly inhibited the
increase of the expression of embryonic CDK2a, a-EXP
and ACT during imbibition. Taken together, these results
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suggest a dual role for ABA in the regulation of coffee seed
germination, directed both at embryo and endosperm.
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